Multicellular organs are composed of distinct cell types with unique assemblages of translated mRNAs. Here, ribosome-associated mRNAs were immunopurified from specific cell populations of intact seed lings using Arabidopsis thaliana lines expressing a FLAG-epitope tagged ribosomal protein L18 (FLAG-RPL18) via developmentally regulated promoters. The profiling of mRNAs in ribosome complexes, referred to as the translatome, identified differentially expressed mRNAs in 21 cell populations defined by cell-specific expression of FLAG-RPL18. Phloem companion cells of the root and shoot had the most distinctive translatomes. When seedlings were exposed to a brief period of hypoxia, a pronounced reprioritization of mRNA enrichment in the cell-specific translatomes occurred, including a ubiquitous rise in 49 mRNAs encoding transcription factors, signaling proteins, anaerobic metabolism enzymes, and uncharacterized pro teins. Translatome profiling also exposed an intricate molecular signature of transcription factor (TF) family member mRNAs that was markedly reconfigured by hypoxia at global and cell-specific levels. In addition to the demonstration of the complexity and plasticity of cell-specific populations of ribosome-associated mRNAs, this study provides an in silico dataset for recognition of differentially expressed genes at the cell-, region-, and organ-specific levels.
P lants are endowed with remarkable flexibility in gene expres sion that modulates metabolism and development in response to a wide variety of environmental cues. But multicellularity limits the assessment of alterations in gene regulation within individual cell types that orchestrate the organ to whole-plant adjustments that are critical for acclimation and adaptation. The mRNAs of cells of distinct identity can be isolated by microdissection of tissues or sorting of protoplasts marked by the expression of green fluorescent protein (GFP) (1) (2) (3) (4) (5) . The profiling of total cellular mRNAs ob tained from sorted protoplasts of root cell types from Arabidopsis thaliana exposed to nitrogen or perturbed by iron and sodium chloride demonstrated that environment plays a role in decisions regarding cell identity (6, 7) . Such refined knowledge of cell-type specific patterns of gene expression is crucial for the resolution of gene networks associated with development and stress responses. These methods, however, are limited to one particular aspect of gene expression, specifically that measured in terms of total tran script abundance, and are only valid for networks that are unper turbed during cell isolation.
Standard procedures for extraction of mRNA from organs not only disrupt cell-specific gene expression but obscure the partition ing of mRNAs into ribonucleoprotein (mRNP) complexes of distinct function, such as polyribosomes (polysomes) and mRNPs that mediate transport, localization, storage, or degradation (8, 9) . This is relevant in plants and other eukaryotes because the forma tion of mRNA-ribosome complexes is a selective process and can be dramatically reprioritized when homeostasis is perturbed (10) (11) (12) (13) . Even in the absence of stress the process of translation is primarily controlled during the recruitment of the 43S preinitiation complex to the mRNA (9) . Therefore, mRNAs in polysomes are actively translated, although a minor subpopulation of these may be stalled in initiation or elongation as a result of miRNA-mediated repression or another mechanism (14, 15) . Because of this, profiling total cellular mRNAs provides less insight into the cellular state than mRNAs in ribosome complexes.
We previously reported the efficient immunopurification of mRNAs in ribosome complexes, the subpopulation of mRNAs referred to as the translatome (16) , by use of a FLAG-tagged ribosomal protein L18 (RPL18) in Arabidopsis (17) . This noninvasive strategy enabled an integrated analysis of transcriptomic, translatomic, and metabolic adjustments to hypoxia and reoxygen ation in whole seedlings (13) . Epitope-tagged ribosomes were similarly captured to assess the remodeling of the translatome of yeast following mild and severe stress (16) , and in discrete cell types in heterogeneous cultures of mouse neuronal cells (18) . Here, the immunopurification of mRNA-ribosome complexes was extended by using developmentally regulated promoters to drive FLAG-RPL18, allowing the generation of an atlas of the translated mRNAs within 21 specific cell populations of the seedlings. We also explored global and cell-specific adjustments of 19 cell-specific translatomes in response to hypoxia. This strategy provided un precedented resolution of mRNA content and enrichment in distinct cell populations of photosynthetic and nonphotosynthetic organs of seedlings, and can be readily extended to other cells and developmental stages.
Results and Discussion
Immunopurification and Profiling of Ribosome-Associated mRNAs from Specific Cell Populations. Our goal was to establish a robust method for measurement of ribosome-associated mRNAs within cells of distinct identity that could be used to monitor rapid remodeling of gene expression in response to specific stimuli, such as stresses or small molecules. A criterion was that ephemeral changes in gene expression could be quantified for both root and shoot cell types of varying abundance. This was accomplished by use of 13 promoters to direct regional and cell-type specific expression of FLAG-tagged RPL18 (Table 1; Fig. 1 . Promoters used in this study. Individual promoters were used to drive the production of FLAG-GFP-RPL18 in transgenic Arabidopsis seed lings (Table  1 ). Representative images demonstrate the specificity of promoter activity in 7-d-old seedlings of T2 transgenics expressing FLAG-GFP-RPL18. Green, GFP fluorescence; red, chlorophyll in shoots, propidium iodide staining in roots; QC, quiescent center; LR, lateral root primordia. (Scale bar, 50 /.im.) pPEP; phloem companion cells (CC),pSUC2 andpSULTR2;2). To confirm promoter activity, we produced independent transgenics for each promoter-driving FLAG-GFP-RPL18 and confirmed the accumulation of GFP in the targeted cell types ( Fig. SI A-C in SI Appendix). As expected, GFP-RPL18 accumulated in nucleoli and was dispersed in the cytosol (Fig. SID in SI Appendix). For each p:FLAG-RPL18 line, the T-DNA insertion site, sedimentation of FLAG-tagged ribosome complexes, and growth was monitored (SI Appendix). All lines displayed normal development and fecundity.
Thirteen p:FLAG-RPL18 lines were used to immunopurify mRNA-ribosome complexes of the root tip (apical 1 cm, including the meristematic and elongation zones), whole root, and shoot of 7-d-old seedlings cultured in the presence (control, C) or absence of air (2- Fig. S3 in SI Appendix). Forty translatomes were evaluated, along with six tran scriptomes of the 35S.FLAG-RPL18 line. Revels of mRNAs were highly correlated across biological replicates representing organ or cell population and treatment samples (r2 = 0.93-0.99). Altogether, expression data were obtained for 17,642 genes (probe sets) with signal levels above the detection Emit in at least one of the 46 samples (Dataset SI). A cohort of 6,500 mRNAs was detected in all samples (37% of all detected mRNAs) (Dataset SI, sheet b). The data for individual Arabidopsis mRNAs can be viewed schemati cally at the organ-, region-, and cell-specific levels via the electronic fluorescent protein (eFP) platform (19) ( Fig. S4 in SI Appendix).
*, pGL2 was expressed in the targeted cell type and in the root phloem companion cells.
shown previously to assemble into functional SOS ribosomes and polysomes that can be efficiently immunoprecipitated from lysates of cryopreserved tissue (13, 17) . The extension of the ribosome immunopurification method to specific cell populations was vali dated by quantitative comparison of the cohort mRNAs captured from roots of two independent pGL2:FLAG-RPL18 lines (r2 > 0.98), which was found to be as reproducible as immunopurification of mRNAs from biological replicate samples (r2 > 0.97) ( Fig. S2 in SI Appendix). We anticipated that the mRNAs immunopurified from p:FLAG-RPL18 lines would correspond to the spatial and temporal expression of the promoter-driving RPL18 expression and used multiple promoters to target some cell types at different stages of development (i.e., stele, pWOL, andpSHR; cortex, pCO2, and Characterization of Translatomes of Specific Cell Populations. Differ entially expressed genes (DEGs) were identified by comparison of the robust multichip average (RMA) normalized signal values for one cell population (i.e., endodermal-expressed pSCR:FLAG-RPL18) to the signal from nonoverlapping cell populations of the same organ (i.e., pWOE,pSHR,pGL2,pSUC2.pSULTR2;2,pPEP, orpCO2). For some of the targeted cell types, multiple stringencies of comparison were applied for robust identification of mRNAs enriched in a cell population (Dataset S2, sheet b). All translatomes examined had DEGs, defined as mRNAs that were significantly enriched or depleted relative to other cell-specific populations of the same organ (>2-fold change, FDR < 0.01) (Dataset S2). The number of significantly enriched mRNAs in the root samples ranged from 27 in the cortex meristem (pCO2) to 480 in phloem CC (pSUC2). In the shoot, the pSUC2 mRNA population was also the most distinct, with 798 enriched transcripts in contrast to 20 mRNAs in the trichome-targeted (pGL2) population.
To aid recognition of coordinately regulated transcripts, fuzzy /.--means clustering was performed on the RMA normalized signal data. This resolved 59 clusters of mRNAs that were coregulated at the organ-, region-, and cell-specific levels ( Fig in SI Appendix) confirmed significant biases in abundance of mRNAs encoding proteins associated with specialized functions and processes in each translatome. To further validate the capture of mRNAs from the targeted cell populations we compared cell specific transcriptome data obtained by microdissection or sorting of GFP-labeled protoplasts to the translatomes ( Fig. 2B ; Dataset S4; Dataset S2; Fig. S7 in SI Appendix). In all cases, overlap was observed between transcriptomes and translatomes of a targeted cell type. Reasons for incomplete overlap between cell-specific mRNA populations obtained by different methods are manifold. First of all, transcriptomes and translatomes are nonidentical because only a portion of a gene's transcripts are associated with ribosomes as a result of selective translational initiation (10) (11) (12) (13) 17 ). Additionally, differences may be attributed to distinctions in growth conditions, developmental age, time of harvest, promoter activity, and sample manipulation in the independent studies.
The translatomes obtained from phloem CC populations exem plify the results obtained by the ribosome immunopurification BP: porphyrin metabolic process BP: plastid organization and biogenesis__________________ MF: oxidoreductase activity BP: carotenoid Consistent with the regional distinctions in expression of these promoters, the pSUC2 andpSULTR2;2 root translatomes were highly overlapping but nonidentical (Dataset S2; Fig. S8 in SI Appendix). The 270 coenriched transcripts included a number of phloem CC markers [i.e., SUC2, Sucrose-H symporter (Atlg22710); AHA3, plasma membrane H ATPase (At5g57350); APL, G2-type transcription factor (TF) associated with phloem development (Atlg79430); two phloem-specific lectins (At4gl9840 and At2g02230)|. supporting the conclusion that mRNAs were effectively isolated from the targeted cell type. Fuzzy E-means clustering sorted the rootenriched phloem CC mRNAs into three groups (clusters 22,23, and 30) ( Fig. 2A) . Unexpectedly, rootpGL2 mRNAs were also enriched in these clusters. We subsequently confirmed that pGL2:GFP-RPL18 lines accumulate low levels of GFP-RPL18 in the root phloem CC (Fig. SIB in SI Appendix) , indicating that the pGL2 translatome was not limited to the intended cell type (root atrichoblasts). In the seedling shoot, both pSUC2:GFP-RPL18 and pSULTR2;2:GFP-RPL18 were expressed in the vasculature. How ever, six dominant clusters (1, 5, 6, 22 , 34, and 51), representing 1,094 significantly shoot-enriched mRNAs, were predominantly limited to thepSUC2 translatome ( Fig. 24 ; Dataset S3; Fig. S5B in SI Appendix). By contrast, the shootpSULTR2;2 mRNA population included significant levels of photosynthesis-related mRNAs (clus ter 7), consistent with the reported activity of this promoter in shoot bundle sheath cells (20) . We also compared the shoot and root pSUC2 translatomes with mRNAs obtained from pSUC2:GFP protoplasts of seedling roots (4). This identified 214 enriched mRNAs present in all 3 samples ( Fig. 2B ; Dataset S4), including sucrose and amino acid transporters and proteins involved in redox control. Notably, the shoot p.S'L'C2-cnriched mRNAs included 81 TFs (i.e., cluster 6, 2.50E-03) (Dataset S2 and S3) and genes involved in floral determination (i.e., CONSTANS, At5gl5840;
FLOWERING LOCUS C, At5gl0140; floral homeotic protein AGL9, Atlg24260). Remarkably, 78 of the reported phloem sap mRNAs were markedly enriched in the shoot pSUC2 translatome ( Fig. S7C in SI Appendix) . Together with the observation that the phloem transcriptome includes mobile mRNAs (21) and its proteome includes many ribosomal proteins (22) , this observation raises the possibility that ribosomes function in long-distance mRNA trafficking. Additional cell types of the shoot were effectively targeted with pRBCS (photosynthetic cells),pCER5 (epidermal cells), andpKATl (guard cells). Consistent with expectations, pRBCS mRNAs were highly enriched for proteins involved in all aspects of photosynthesis ( Fig. 24 , cluster 7; Dataset S3). These mRNAs were abundant in guard cells (pKATl), depleted from the shoot phloem CC (pSUC2) and epidermis (pC'ER5), and largely absent from root mRNAs. The pCER5 epidermis-enriched mRNAs encoded proteins involved in cuticle development (1.21E-05), cell-wall modification (2.88E-03), fatty acid biosynthesis (6.81E-10) ( Fig. 24, cluster 16 ), and included epidermal markers [BODYGUARD (Atlg64670); Ll-specific homeobox protein AtMLl (At4g21750)J. mRNAs of the epidermisenriched cluster 16 were also associated with hormonal responses, including jasmonate (2.66E-03), auxin (1.12E-08), gibberellin (1.37E-02), and salicylic acid (8.16E-03) (Dataset S3; Fig. S5B in SI Appendix). The guard cell-enriched (pKATl) mRNAs sorted into three major groups (clusters 27, 50, and 54) ( Fig. 24; Dataset S3) , which included guard cell marker [SLAC1, slow anion gated channel (Atlgl2480); a putative Na /K antiporter (At3g53720); KEAI, K! efflux antiporter (Atlg01790); putative protein kinases (At4g33950 and Atlg62400); protein phosphatase 2A beta (At3g09880 and At5g03470)]. Appropriately, /_>/<477-enriched TFs (cluster 54) included FAMA (At3g24140), a basic helix-loop-helix TF required for terminal guard cell differentiation (23) and At-MYB60 (Atlg08810), involved in ABA-mediated stomatai activity (24) . The pronounced enrichment of mRNAs associated with guard cell morphogenesis and activity in thepCER5 andpKATl popula- tions provides strong evidence for the capture of mRNAs from the targeted cell types (Dataset S4, sheet/). Fuzzy A-means clustering also resolved distinctions between the translatomes of the root tip, whole root, or regions differentiated by promoter expression ( Fig. 2A ; Dataset S3; Fig. S5 in SI Appendix). Both pWOL and pSHR are reportedly expressed in the pericycle and vasculature (25, 26) , butpSHR is inactive in the phloem CC and less active in mature vasculature (27) . We detected lower FLAG-GFP-RPL18 fluorescence in the pericycle with pSHR than with pWOL ( Fig. SIB in SI Appendix) . Consistently, the pWOL and pSHR populations were highly overlapping (cluster 41) but included independently enriched transcripts (i.e.,pWOL clusters 18 and 56). In the whole root samples, pSHR, pWOL, p35S, and pRPLllC mRNAs overlapped, as predicted from the distribution of GFP-RPL18 directed by these promoters (Fig. SIB in SI Appendix) . The shared mRNAs, for example cluster 53, encoded proteins involved in secondary cell wall synthesis (4.24E-04). On the other hand, endodermal (pSCR) mRNAs were enriched for proteins involved in fatty acid biosynthesis (2.89E-08), response to oxidative stress (1.89E-02) andgenes necessary for suberin biosynthesis (At3gll430 and At5g58860) (28,29) (clusters 19 and 25; Fig. 2A; Fig. S5B in SI Appendix), consistent with the boundary layer function of endoder mis. The DEG and clustering analyses exposed notable distinction between the mRNAs enriched in the apical (pCO2, clusters 58, 59, and 10) versus elongation/maturation (pPEP, clusters 8,11,13,15, 26, and 29) zones of the cortex ( Fig. 2A; Fig. S8 in SI Appendix). For example,pCO2 mRNAs were enriched for the binding (7.72E-05) and transport of lipids (4.74E-02), whereas pPEP mRNAs were enriched for proteins involved in nonphotosynthetic primary and secondary metabolism (i.e., cluster 8, catalytic activity, 7.78E-09) and vacuolar membrane (cluster 26, 7.27E-04). Thus, these cortex specific promoters can be used to isolate spatially and molecularly distinct translatomes.
Brief Hypoxic Stress Remodels Translatomes at the Global and Cell-
Specific Level. We showed previously that hypoxia, which deprives cells of oxygen required for aerobic metabolism and carbon dioxide needed for photosynthesis, selectively limits protein synthesis as a means of energy conservation in Arabidopsis seedlings (13) . In that study, brief hypoxia (2 h) significantly reduced 4.2% of the mRNAs in the transcriptome, concomitant with reduction of 63% of the translatome, primarily because of inhibition of initiation of trans lation and transient mRNA sequestration. Here, the seedling response to hypoxia was further scrutinized at the organ-, region-, and cell-specific levels. We found that seedlings exposed to hypoxia showed a greater reduction in polysomes in the root (27%) than the shoot (14%). This was coincident with a more severe decline in ATP content and more dramatic remodeling of the translatome in the root than the shoot (Fig. 3 ). All 19 translatomes and three transcriptomes surveyed displayed significant elevation of 49 tran scripts in response to the stress (Dataset S5). Not unexpectedly, these ubiquitously hypoxia-responsive mRNAs encode proteins associated with reconfiguration of metabolism to augment sub strate level ATP production and fermentation [i.e., SUS4, sucrose synthase (At3g43190); PFK4, ATP-dependent-phosphofructokinase (At4g32840); PDC1 and PDC2, pyruvate decarboxylase (At4g33070 and At5g54960); alcohol dehydrogenase (Atlg77120); alanine aminotransferase (Atlgl7290); and putative lactate trans porter (At2g34390)] ( Fig. S9/1 in SI Appendix) (13) . Notably, >50% of these mRNAs encode proteins of no known biological function, emphasizing that the core response involves poorly understood processes. To explore the organ and cell-specific response to hypoxia, fuzzy A'-means clustering was performed on the 6,416 mRNAs that displayed a significant change in 1 or more samples under hypoxia (>2-fold change; FDR < 0.01) (Dataset S6). The output exposed variation in adjustments of translatome populations at the global-, regional-, or cell-specific level ( The observed changes could reflect regulation of 1 or more of the following processes: transcription, mRNA turnover, or translation. However, a marked decline in ribosome-associated mRNAs was expected for a large proportion of the transcriptome because hypoxia increases the selectivity of translational initiation to con serve energy (Figs. S9B and SI OB in SI Appendix) (13) .
The reduction in cell-specific-enriched mRNAs was a pro nounced feature of the seedling hypoxia response. This decline was more extreme in the root tip and root than the shoot (i.e., 41% and 21% ofpSCR-enriched mRNAs were reduced in root tip andwhole root, respectively, whereas 17% and 2.5% of pSUC2-enriched mRNAs were reduced in root and shoot, respectively; Dataset S2, sheet c and Dataset S5, sheet h ). At the regional level, mRNAs associated with cell-wall organization and biogenesis and trichoblast differentiation were excluded from ribosomes in the root tip (cluster 54; Fig. S10/1 in SI Appendix). At the cell-specific level, translation of mRNAs associated with diverse specialized processes was repressed [i.e., cluster 72, stele, auxin biosynthesis (4.82D-04); cluster 11, endodermis, fatty acid metabolism (1.75D-06); cluster 70, mature cortex, glycolsyl transferase activity (6.33/7-03); cluster 5, shoot epidermis, response to auxin (3.31D-07); cluster 61, guard cell, protein phosphatases associated with stomatai activity ( core-induced mRNAs in Dataset S5 and cluster 55 in Fig. 3C; Fig.  S10C in SI Appendix), there were transcripts induced at the organor cell-specific level. Root cell populations showed a more dramatic increase in the ubiquitously induced mRNAs encoding enzymes responsible for increased glycolysis and fermentation, whereas shoots showed a high increase in mRNAs involved in synthesis of galactolipid and stress responses (i.e., clusters 3, 41, 69; Fig. S10C in SI Appendix). The stronger induction in roots of mRNAs that promote anaerobic metabolism is consistent with the proposal that limited production of ATP by chloroplasts continues in photosyn thetic cells during oxygen deprivation (30) . Other mRNAs exhibited induction in subsets of organ cells (cluster 93, root stele, auxinresponsive, 1.66D-03), or specific cell populations [cluster 8, mature root cortex, glutathione-S-transferases (7.38E-05); cluster 46, shoot plastid-containing cells, transoctaprenyltranstransferase (8.05E-05)] ( Fig. 3D ; Dataset S6; Fig. S10C in SI Appendix). Here, again the phloem CC mRNA population provides an interesting example. In both the root and shoot this translatome maintained higher levels of hypoxia-induced mRNAs under control growth conditions (pSUC2, 22 shoot and 27 root hypoxia-induced mRNAs; Dataset S2, sheet c and Dataset S5, sheet in) and strongly induced mRNAs associated with the response to heat shock [clusters 44 and 47; 15 HSPs, TFs HSFA6b (At3g22830), HSFA2 (At2g26150)]. The stress-induced HSP mRNAs were also pronounced in the root, with at least 1 member of the 17-, 23-, 70-, 90-, and 100-kDa HSP families strongly upregulated in each cell population assayed (Fig. SI 1 in SI Appendix). Because seedling survival is enhanced when a brief heat shock precedes severe oxygen deprivation (31) , the hyperenrich ment of HSP mRNAs in phloem CC could provide additional resilience to cells that are constitutively oxygen deficient Differential Expression of Transcription Factor Family Members. The translatome dataset can be used to uncover intricate developmental and environmental regulation of proteins encoded by complex families, such as the =1,600 putative TFs represented on the ATH1 array ( Fig. 4A; Figs . S12/1 and Fig. S13 in SI Appendix). Members of the MYB, bHLH, C2H2, and homeobox families showed the greatest cell-specific enrichment under control conditions ( Fig. 4 B  and C) . For example, G2-like and C2C2-DOF factors were overrepresented in phloem CC (pSUC2) mRNAs (5.79/7-07 and 1.84D-06, respectively) whereas R2-R3-type MYB TF mRNAs were abundant in rootpSCR and shootpCER5 mRNAs ( Fig. S12B in SI Appendix). This latter enrichment was accompanied by an over representation of the MYB4 binding in the 5' flanking regions of pSCR and />CER5-enriched genes (Fig. S12D in SI Appendix) .
Overall, hypoxia dramatically remodeled the TF mRNA translatome ( Fig. 4B; Fig. SI 4/1 in SI Appendix). This included marked elevation of specific TF mRNAs in nearly all families, with increases most pronounced for WRKY and ethylene-responsive factor (AP2-EREBP/ERF) TFs (Fig. 4 D-F ; Dataset S5; Fig. S14B in SI Appendix). The increase in ERF71 and ERF73 (At2g47520 and Atlg72360) and WRKY70 (At3g56400) mRNAs was ubiquitous, whereas other members of these and other TF families showed more regional and cell-specific regulation (Figs. S13/1 and B and S14/1 in SI Appendix). The elevation in mRNAs encoding WRKYs was accompanied by an overrepresentation of W-box binding sites in the 5' flanking region of hypoxia-responsive genes (Fig. S13/) in SI Appendix). The remodeled TF translatomes also included de creased mRNA abundance or translation of TFs enriched in specific cell populations (i.e., AtMYB93) ( Fig. 4 C and F; Fig. S14/1 in SI Appendix). The response ot Arabidopsis roots to salt and iron stress also included global and cell-specific alterations in steady-state levels of TF mRNAs (6), but these stresses invoked more pro nounced cell-specific responses than hypoxia. The limited cell specific response to hypoxia most likely reflects the need for a metabolic acclimation strategy that enables endurance of a severe energy crisis regardless of cell identity.
Conclusions
We present here the first large-scale compendium of the subpopu lation of cellular mRNAs obtained by immunoprecipitation of ribosomes across photosynthetic and nonphotosynthetic cell types of Arabidopsis seedlings. Two benefits of the immunopurification of ribosomes are that cell-specific mRNA populations can be obtained from cyropreserved tissue and translatomes provide a better esti mate of protein synthesis than the transcriptome. The study deter mined that cells of different identity have distinct translatomes but responded in a unified manner to hypoxia by promoting translation of a core group of mRNAs that lacilitate acclimation. Superim posed on the core response were regional and cell-specific adjust ments in mRNAs that encode proteins anticipated to affect stress tolerance, metabolism, and development. This cell-specific gene expression dataset is a valuable resource for plant biologists. For example, the TF family member mRNAs in the individual trans latomes expose a signature of cell identity, providing prime targets for future study of networks that regulate development and envi ronmental responses.
Materials and Methods
Plant Growth and Treatment. Transgenic A th a liana (Col-0) lines containing a promoter:FLAG-RPL18 or promoter:FLAG-GFP-RPL18 construct were produced and characterized as described in the SI Appendix. For experiments, seeds were grown vertically on the surface of solid MS media (0.43% (wtA/ol) Murashigi Skoog salts (Sigma), 0.4% (wtA/ol) phytagel (Sigma), 1 % (wtA/ol) sucrose, pH 5.7), under long day conditions (16 h light at -=80 /xmol photons m_2s_1/8 h darkness) at 23 °C. Hypoxia stress (HS) was imposed after the end of the light period after 7 d, by gassing in chambers with 99.99% (vol/vol) argon for 2 h at <5 to 7 /xmol photons m-2 s_1 light (13) (see SI Appendix for details). Control samples were maintained under the same condition in chambers open to air. For the root tip experiment set, the apical 1 cm of the root was harvested. In another experiment set, the entire root below the hypocotyl-root junction and the shoot were separately collected.
Immunopurification of Ribosomes, Microarray Hybridizations, and Expression
Data Analysis. The immunopurification of ribosomes from p:FLAG-RPL18 lines (individual 60S subunits, ribosomes, and polysomes) was accomplished as de scribed earlier (13, 17) . The yield of RNA obtained by immunoprecipitation of ribosome complexes varied from 1 ng/mLtissueforp/C4T7TAG-/?P778to 1 /xg/mL tissue f or p35S: FLAG-RPL18. Total RNA was extracted from an aliquot of the same cell lysates. Detailed procedures are given in the 5/ Appendix. After quality assessment, the RNA probes were prepared using two linear rounds of target amplification and hybridized against the Ara bidopsis AT H1 Genome Array (Ge-neChip System, Affymetrix) chips as detailed in the 5/ Appendix. Analysis of expression data was as described in the SI Appendix.
